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In Alzheimer’s disease (AD), activated microglia invade and surround B-amyloid plaques, possibly con- 
tributing to the aggregation of amyloid B (AB), which affect the survival of neurons and lead to memory 
loss. Phosphodiesterase-5 (PDE-5) inhibitors have recently been shown a potential therapeutic effect on 
AD. In this study, the effects of yonkenafil (yonk), a novel PDE-5 inhibitor, on cognitive behaviors as well 
as the pathological features in transgenic AD mice were investigated. Seven-month-old APP/PS1 trans- 
genic mice were treated with yonk (2, 6, or 18 mg/kg, intraperitoneal injection (i.p.)) or sildenafil (sild) 


a (6 mg/kg, i.p.) daily for 3 months and then behavioral tests were performed. The results demonstrated 
Tae that yonk improved nesting-building ability, ameliorated working memory deficits in the Y-maze tasks, 
Cognitive and significantly improved learning and memory function in the Morris water maze (MWM) tasks. In 
Microglia addition, yonk reduced the area of AB plaques, and inhibited over-activation of microglia and astro- 
Yonkenafil cytes. Furthermore, yonk increased neurogenesis in the dentate granule brain region of APP/PS1 mice, 


indicated by increased BrdU*/NeuN* and BrdU*/DCX* cells compared to vehicle-treated transgenic mice. 
These results suggest that yonk could rescue cognitive deficits by ameliorated amyloid burden through 
regulating APP processing, inhibited the over-activation of microglia and astrocytes as well as restored 
neurogenesis. 

© 2015 Elsevier Ireland Ltd. All rights reserved. 


1. Introduction and death of neurons in the brain (Mattson, 2004). Meanwhile, the 


activation of microglia and astrocytes increase the inflammatory 


Alzheimer’s disease (AD) is the most prevalent neurodegener- 
ative disease (NDD), characterized by progressive impairment of 
memory and cognition (Hou et al., 2010), accumulation of senile 
plaques, neurofibrillary tangles, as well as degeneration of synapses 


Abbreviations: Sild, Sildenafil; Yonk, Yonkenafil; AB, amyloid-B; AD, 
Alzheimer’s disease; NSCs, Neural stem cells; BrdU, 5-Bromo-2-deoxyUridine; 
cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; 
IR, immunoreactivity; PDE, phosphodiesterase; PDEs, phosphodiesterases; PDE- 
5, Phosphodiesterase-5; RT, room temperature; PBS, Phosphate buffered saline; 
MWM, Morris water maze; i.p., intraperitoneal injection. 
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response to extracellular AB deposits that cause neuronal dysfunc- 
tion (Heneka and Obanion, 2007), ultimately leading to dementia 
through a cascade of neurotoxic events and finally resulting in cog- 
nitive defects. 

Recent findings have suggested that selective inhibitors of 
Phosphodiesterase-5 (PDE-5) may alleviate memory deficits in AD 
and show benefits in the AD phenotype in a mouse model of amy- 
loid deposition via regulation of the inflammatory response and 
reduction of AB levels (Puzzo et al., 2009; Zhang et al., 2013), which 
is possibly due to increase cGMP levels (Wang et al., 2005a). More- 
over, inhibition of PDE-5 appears to block the activation of the 
microglia induced by AB (Paris et al., 2000b). Among the various 
PDE-5 inhibitors, yonkenafil (yonk), an analogue of sildenafil (sild), 
is a novel PDE5 inhibitor (Wang et al., 2008). Wang et al. demon- 
strated that yonk and sild have strong inhibition effects against 
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PDE-5, with an IC50 of 2.01 nM, which is 4.46 nM in sild. Moreover, 
the effect of yonk is two folds stronger than that of sild (Wang, 
2009). Our previous studies have reported the therapeutic effect of 
yonk in an acute experimental stroke model was through the pro- 
tection of synapses by increasing the expression of the neurotrophic 
receptors TrkA and TrkB, along with their ligands, NGF and BDNF, 
respectively (Chen et al., 2014a). Zhao et al. showed yonk inhibit 
microglial activation by decreasing PDE-5 expression and increas- 
ing the cGMP level (Zhao et al., 2015). In the present study, we 
thus used a well-established transgenic mouse model (APP/PS1) 
which exhibits neurogenesis and cognitive impairments to further 
explore the influence of yonk. 

In this study, we firstly report that chronic administration of 
yonk significantly improves the cognitive impairments and reduces 
the AB burden in APP/PS1 mice, which may be associated with the 
regulation of yonk on APP processing and B-CTF generation. Mean- 
while, yonk exerts significant neuroprotection through decreasing 
the number of over-activated microglia and astrocytes and promot- 
ing the neurogenesis in the brain. 


2. Materials and methods 
2.1. Animals 


All animals were approved by Beijing HFK bioscience 
CO., LTD (http://www.hfkbio.com/cn/index.aspx). Seven-month- 
old male C57BL/6 (n=12) and APPswe/PS1deltaE9 transgenic mice 
expressing a chimeric mouse/human amyloid precursor protein 
(Mo/HuAPP Swedish mutations K59M5/N596L) and mutant human 
presenilin 1 (PS1 deltaE9) on a C57BL/6J background were used. 
This double-transgenic mouse model shows cognitive behavioral 
deficits from 3 months of age and displays AB plaques from 6 
months of age (Wirz et al., 2013). 

Mice were housed in groups in standard individual ventilated 
cages (32cm x 20cm x 12.5 cm), with wood shavings as litter in a 
temperature (20-22°C) and humidity (45-55%) controlled envi- 
ronment with a 12/12 h modified dark-light cycle. Food and water 
were available ad libitum. All efforts were made to minimize pain 
and suffering to reduce the number of animals used. All experimen- 
tal procedures were conducted in accordance with the Regulations 
of Experimental Animal Administration issued by the State Com- 
mittee of Science and Technology of the People’s Republic of China. 
Behavioral test was performed between 8:00 and 12:00 every day. 
At the beginning of the injection period, animals were weighed 
approximately every 2 days, to monitor any weight changes fol- 
lowing daily injections. 


2.2. Drug administration 


Yonk and sild (yonkenafil hydrochloride, purity 98%, supplied 
by Zhuhai Oxforston PharmTech Co. Ltd, China; sildenafil citrate, 
purity 98%, supplied by Tianjin Tasly Company Ltd., Tianjin, China) 
were dissolved in normal saline. Six experimental groups were gen- 
erated by random group allocation, and the C57 and APP/PS1 groups 
were administered normal saline. Yonk was administered by the i.p. 
route at doses of 2, 6, or 18 mg/kg, sild was administered at a dose 
of 6 mg/kg (i.p.), and these two PDE5 inhibitors were administered 
to mice for three months. 

After the behavioral test, all mice received injections of 5- 
Bromo-2-deoxyuridine (BrdU) 50 mg/kg (i.p.) for three consecutive 
days (Jin et al., 2004), administered twice daily, to label prolifera- 
tion cells in the hippocampus. Mice were sacrificed 2h after the 
last injection of BrdU (n=4-6) at the age of 10 months. To examine 
differentiation of proliferation cells in the hippocampus, the rest of 


the mice (n=4-6) were sacrificed 4 weeks after the last injection, 
at the age of 11 months. 


2.3. Measure yonk in blood and brain samples 


To determine the ability yonk to penetrate the blood-brain bar- 
rier (BBB), yonk was administered to mice by i.p. at 50 mg/kg (Puzzo 
et al., 2009). Brain and blood samples were collected at eight time 
points (0, 5, 15, 20, 30, 60, 120, 360 min) from three animals per 
time point. For plasma measurements, blood was collected into 
tubes containing sodium heparin (10%). Plasma was separated via 
centrifugation (4°C, 13000rpm, 10 min) and stored at —80°C. For 
measurement of brain yonk concentrations, the brains were imme- 
diately excised, weighed, and rinsed by cold saline. On the day 
of the assay, frozen tissue samples were thawed at room tem- 
perature. Each tissue sample of 300 mg was weighed and placed 
into a plastic tube. Methanol-water (50:50 v/v, 1 ml) was added 
to facilitate homogenization for 1 min. The homogenized samples 
were sonicated for 10 min. Then the samples were centrifuged at 
13,000 rpm for 10 min and stored at —80°C. At the time of mea- 
surement, sample (100 ul) was transferred into round bottom glass 
tube. One hundred wl of methanol and 100 wl sodium hydrox- 
ide were added. The sample mixture was vortexed for 30s. And 
then aether-dichloromethane (3:2 v/v, 3 ml) was added, the sample 
mixture was vortexed for 3 min. After centrifugation at 13,000 rpm 
for 10 min, the upper organic layer was transferred to sharp bot- 
tom glass tube and evaporated at 40°C under a gentle stream of 
nitrogen. Residues were dissolved in 200 wl of the mobile phase 
and mixed using vortex mixer. One pl aliquot was injected into the 
LC/MS/MS system for analysis. We found that the concentration of 
yonk in the brain was highest after 15 min (Supplementary Fig. 1). 
Finally, by 6h, most of the drug was eliminated from both plasma 
and brain. 

Supplementry material related to this article found, in the online 
version, at http://dx.doi.org/10.1016/j.mad.2015.07.002. 


2.4. Behavioral procedures 


The behavioral procedures were conducted in an isolated room 
with no disturbing during the tests. Three AD-related behavioral 
functions were assessed: species-type behavior, long-term learning 
and memory, and working memory. Nest building was observed 
first, followed by the test of Y-maze and MWM (Fig. 1 shows a global 
timeline of the behavioral procedures). 


2.4.1. Nest building behavior 

Nest building in rodents involves active interaction with the 
environment. It is a species typical behavior, and it is disrupted in 
some AD relevant transgenic models (Wesson and Wilson, 2011). 
Mice were individually housed in a cage containing sawdust with 
food and water available, for 3 days in a quiet testing room. Three 
pieces of paper (2 cm x 2 cm, Kitchen towel) were introduced inside 
the home cage to allow nest building behavior assessment. After 
24h, the nest was photographed and the quality of the nest was 
determined according to a five-point scale as described by Roof, R 
et al. (Roof et al., 2010): 1 = Bedding evenly spread out/No cluster is 
formed, 2 = Bedding spread out/Loose cluster is formed, 3 = Bedding 
spread out over 1/2 of the cage/Loose cluster is formed, 4 = Bedding 
spread out over 1/3 of the cage/Cluster is formed, 5=Bedding 
spread out over 1/4 of the cage/Cluster is formed. 


2.4.2. Y-maze 

Spatial working memory was assessed by spontaneous alter- 
nation behavior in the Y-maze (Leigh Holcome et al., 1998). The 
Y-maze is made ofiron and consists of three arms; each arm is 38 cm 
long, 12.5 cm high, 5 cm wide at the bottom and 9.5 cm wide at the 
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Experimental design 


l Saline/Yonkenafil/Sildenafil ( i.p .) l 


Age Brdu (i.p. ) 
— 
7 month-old 10 month-old 11 month-old 
Nest building Y-maze Morris Water Maze 
C57 
APP/PS1. da 2days | 2 days 5 days 3 days 25days 
Immunohistochemical Neurogenesis 


analysis analysis 


Fig. 1. The experimental design expressed in months of age in the mice. Habituation of the mice entailed handing, weighing and habituation to the experimental surroundings 
until 7 months of age. The nest building test was given first, followed by the Y-maze, and then the Morris Water Maze. All mice received injections of 50 mg/kg (i.p.) on three 
consecutive days to label proliferation cells in the hippocampus, and mice were sacrificed 2 h after the last injection of BrdU (n=4-6) at the age of 10 months. To determine 
the differentiation of hippocampal proliferating cells in the hippocampus, the remaining mice (n =4-6) were sacrificed 4 weeks after the last BrdU injection, at the age of 11 


months. 


top. Each mouse was placed in the center of the symmetrical Y- 
maze, and the sequence of arm entries over 8 min was recorded. The 
percentage alternations consists of the number of triads contain- 
ing entries into all three arms (ABC, ACB, CAB, etc.) divided by the 
maximum possible alternations ((the total number of entries minus 
2) x 100) (Fig. 2C). Between sessions, the maze was cleaned thor- 
oughly with a 75% ethanol solution. Alternation performance above 
chance level (i.e., 50%) is indicative of functional spatial working 
memory (Hooper et al., 1996). 


2.4.3. Morris water maze 

The Morris water maze (MWM) consisted of a white circular 
pool (120cm in diameter, 40cm in height), which was divided 
into four quadrants referred to southeast, southwest, northeast and 
northwest, and a movable white circular platform (9 cm in diame- 
ter) that was located in the center of one quadrant and submerged 
to 1 cm below the water surface. The water was colored with TiO, 
for APP/PS1 mice and maintained at a temperature at 22 + 1 °C, and 
the tank was placed in a dimly lit area. In the place navigation test, 


in Y-maze 


% alternation or arm entries 


score in nesting 


Q 
o 


A 
© 


N 
o 


the MWM test consisted of an acquisition phase and a probe trial in 
a soundproof test room without visual cues. The acquisition phase 
consisted of five consecutive days with four trials per day. Four 
points (North, South, East, and West), which served as starting posi- 
tions, were equally spaced along the circumference of the pool, and 
mice were placed in the water facing the pool wall at these points. 
If the mice did not find the platform within 120s, they were guided 
to the platform and allowed to stay for 10s. If the mice found the 
platform within 120 s, they remained on it for at least 10 s. The mice 
were kept dry between each trial, and returned to their home cage 
to rest for 120s after each trail. The escape latency and path length 
were recorded (n = 10-12 per group) to study the effect of yonk and 
sild on learning activity, memory retention of the platform location. 
After the place navigation test, platform crossing times and dura- 
tion on the hidden platform. These activities were recorded and 
analyzed using an Ethovision XT 8.0 (Noldus Information Technol- 
ogy, Wageningen, the Nether-lands) computerized video tracking 
system. 


CI C57+saline 
EE APP/PS1+saline 


Œ APP/PS1+yonk 6 mg/kg 
Œ APP/PS1+yonk 18 mg/kg 


E APP/PS1+yonk 2 mg/kg) APP/PS1+sild 6 mg/kg 
## # # 


Fig.2. Nest building (A) and% alternation or arm entries in the Y-maze (C) for yonk and vehicle-treated APP/PS1 mice. The results are presented as the means + S.E.M, “p < 0.01, 
“p< 0.001 compared with the C57 + saline group, *p<0.05, #*p < 0.01, ***p<0,.001 for the sild and yonk treated groups compared with the APP/PS1 + saline group(B, D). 
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Fig. 3. Morris water maze test for yonk and vehicle-treated APP/PS1 mice. The results are presented as the means + S.E.M, *p < 0.05, * p < 0.01, ** p < 0.001, differences between 
escape latency (A), path length (B), platform crossing times (C), and duration in the hidden platform quadrant (D) in the APP/PS1 + saline group compared with the C57 + saline 
group, #p < 0.05, #*p < 0.01, ##* p < 0.001 significantly differences in sildl and yonk treated groups compared with the APP/PS1 + saline group. 


2.5. Tissue preparation 


Mice were fully anesthetized with chloral hydrate (400 mg/kg, 
i.p.), transcardially perfused with saline solution, and their brains 
were carefully removed. The right hemisphere (n =3 per group) was 
fixed in 4% buffered paraformaldehyde for 24h, then transferred 
to 20% and 30% sucrose/phosphate-buffered saline (PBS) respec- 
tively at 4°C. After that the right hemisphere of each mouse which 
included the hippocampus and cortex was sectioned on a freez- 
ing microtome (AS-620, Shandon, Astmoor, UK) at a thickness of 
20 um in each region (bregma —1.82 mm-—2.54mm). Every 6th 
coronal section for a total and three sections were used for staining. 
After cutting, sections were stored at —20°C until further process- 
ing. The hippocampus from the left hemisphere was isolated, stored 
at —80°C and used for western blotting analysis. 


2.6. Immunohistochemistry 


The sections (n = 3) were removed from —20°C, allowed to adapt 
to room temperature (RT) for half an hour and then washed in 
0.01M PBS (pH 7.4) for 5min in 3-4 times consecutively. Anti- 
gen retrieval was performed in 10 mM trisodium citrate buffer 
(pH 6.0, 85-95 °C) for 5min. Sections were washed twice in PBS, 
treated with 0.3% hydrogen peroxide in methanol for 20 min, pre- 
blocked with normal goat serum (4% in 0.3% triton-X100) for 1h 
in a humid chamber at 37°C and then incubated with polyclonal 
Rabbit anti-NeuN primary antibody (1:1000, Millipore, Billerica, 
MA, USA); polyclonal Rabbit anti-DCX primary antibody (1:800, 
Abcam, Cambridge, UK); monoclonal mouse anti-Iba-1 primary 
antibody (1:800, Millipore, Billerica, MA, USA); and polyclonal Rab- 
bit anti-GFAP primary antibody (1:500, Abcam, Cambridge, UK) for 
24h after dilution in PBS. Then, sections were incubated with a 
secondary antibody (biotinylated goat-anti rabbit or mouse) and 


streptavidin-coupled horseradish peroxidase in Histostain™ Plus 
Kits (ZSGB-BIO, Beijing, China) for 1h at 37°C and visualized with 
DAB (ZSGB-BIO, Beijing, China) for 10-60s. Finally, sections were 
dehydrated in graded alcohol solutions, cleared in xylene and 
covers-lipped with Permount TM Mounting Medium. Thioflavin-S 
(ThioS) (Sigma, St. Louis, MO) staining for fibrillar AB was per- 
formed as described previously (Schmidt et al., 1995). The stained 
sections were digitized using 4x, 20x or 40 x objective (Olym- 
pus BX40, Tokyo, Japan) with an MCID computer imaging analysis 
system (Image-Pro 3D Plus Workstation, Media Cybernetics, Inc., 
Rockville, MD, USA). The number of NeuN* and DCX* neurons and 
the positively stained areas for Iba-1 across the cortex and hip- 
pocampus were measured in each section. Data were presented as 
the number of positive cells per field or the percentage of positive 
areas per field. 

AR deposition in the brain was visualized by immunostaining of 
frozen sections in 70% formic acid for 20 min at RT and then incubat- 
ing sections with a mouse monoclonal antibody to 6E10 (1:1000, 
Covance, Dedham, MA) in PBS overnight at 4 °C. Further progressing 
was performed as described in the immunohistochemistry section. 
Data were presented the percentage of positive areas per field. 


2.7. Immunofluorescence 


BrdU has been used as a principal marker for mitotic cells in 
studies of adult neurogenesis (Gratzner, 1982). Injection of BrdU 
can be used to evaluate the survival time and track the fate of divid- 
ing cells and their progeny (Kee et al., 2002b). Double fluorescent 
immunohistochemistry was performed with NeuN, DCX, and BrdU 
as previously described. The sections were incubated in HCI (1N) 
for 10 min on ice to fracture the DNA structure of the labeled cells, 
followed by incubation in HCI (2N) for 10 min at RT. Sections were 
then moved to an incubator for 20 min at 37°C, rinsed twice in 
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Fig. 4. Effect of yonk on B-amyloid (AB) plaque pathology (A) and APP progressing (C) in the APP/PS1 mice. Mice were treated with sild (6 mg/kg) or yonk (2, 6, or 18 mg/kg) 
(i.p.) each day and sacrificed after 3 months of treatment. Representative figures of coronal sections from control and sild or yonk treated mice after immunohistochemical 
staining against AB with 6E10 antibody(A). Digital images from the cortex and hippocampus were captured and analyzed with Image Pro Plus(Media Cybernetics, Inc., 
Rockville, MD, USA). Scale bar: 100 um. Data are presented as the percentage of positive areas in per field and expressed as the means + S.E.M.; n= 3-4 mice per group.(B) 
Quantification of the percent amyloid load in the brain. “p< 0.001, compared with the C57 + saline group; ***p<0.001, compared to the APP/PS1 + saline group.(B) Levels 
of FL-APP (full-length APP) and APP C-terminal fragments in the hippocampus were visualized by Western blotting (C). *p < 0.05, “"p<0.001 compared with the C57 + saline 


group; *p<0.05, compared with the APP/PS1 + saline group (D). 


0.1 M borate buffer (pH 8.5), blocked with 5% normal goat serum 
(diluted in 0.3% Triton X-100 in 0.1M PBS) for 60min at 37°C, 
and incubated with BrdU primary antibody (1:30, Abcam, Cam- 
bridge, UK), NeuN primary antibody (1:1000, Millipore, Billerica, 
MA, USA), and DCX primary antibody (1:800, Abcam, Cambridge, 
UK) diluted in 0.1 M PBS, overnight at 4°C. Secondary antibodies 
used for detection consisted of FITC-conjugated goat anti-mouse 
IgG (H+L) (1:200, Beyotime Institute of Biotechnology), and Cy3- 
conjugated goat anti-rabbit IgG (H+ L) (1:200, Beyotime Institute of 
Biotechnology). Sections were washed for 1h at 37°C and covers- 
lipped with anti-fade mounting medium (Pro-Long Gold, Molecular 
Probes). 


2.8. Western blotting 


The hippocampus from the left hemisphere was lysed with 
T-PER Tissue Protein Extraction Reagent (1:9, 9 ul reagent/1 mg 
tissue, Thermo Scientific, Rockford, USA), 0.1% phenylmethanesul- 
fonyl fluoride (PMSF), 0.1% sodium fluoride (NaF), and 0.1% sodium 
orthovanadate (Na3VO,), sonicated for 3 min on ice with a probe 
sonicator and centrifuged for 5min at 12000g at 4°C, and then 
the supernatant was extracted and boiled in water bath. Protein 
extracts (30-50 ug) were separated by 12% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) (n=3/group) and 
electrophoretically transferred to a nitrocellulose membrane at 
4°C. Blots were incubated for 1h with 5% milk to block non- 
specific binding sites and then incubated with primary antibodies, 


including mouse anti-APP C-Terminal Fragment (1:500, Covance, 
Dedham, MA), mouse anti-6E10 (1:500, Covance, Dedham, MA) 
and mouse anti-B-acting (1:500, Santa Cruz Biotechno) overnight 
at 4°C, secondary antibodies for 1h at RT. Immunoreactive pro- 
teins were detected with a chemiluminescent substrate (pierce ECL 
western blotting substrate, thermo scientific). 


2.9. Enzyme-linked immunosorbent assay 


Three or four cortex and hippocampi form each group were 
homogenized with 10 volumes of ice-cold tris-buffered saline (TBS; 
PH 7.4) with protese inhibitors (PMSF, Beyotime). The samples 
were centrifuged at 20,000 g for 20 min at 4°C. Supernatant (TBS 
extract) was transferred to a new tube and stored at —80°C until 
analyzed. The levels of AB1-40 and AB1-42 in the TBS soluble 
were determined with AB1-40 and AB1-42 specific enzyme- 
linked immunosorbent assay kits (TSZ, Waltham, MA, according 
to the manufacturer’s protocol. ELISA signals were reported as the 
mean S.E.M). 


2.10. Statistical analysis 


Data were expressed as the mean + standard error of the mean 
(S.E.M.). MWM data were analyzed with two-way ANOVA for 
repeated measures with “training” and “day” and their interac- 
tions as fixed factors. After ANOVA analysis, Tukey’s HSD post hoc 
analysis was used to compare the differences among three or more 
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Fig. 5. NeuN immunohistochemical staining in the cortex and hippocampus (A) of the control and APP/PS1 mice. The digital images from the cortex and hippocampus were 
captured and analyzed with Image Pro Plus (Media Cybernetics, Inc., Rockville, MD, USA). Scale bar: 50 um. Data are presented as the number of positive cells per field (B) in 
the cortex or the percentage of positive areas per field (C) in the hippocampus and expressed as the means + S.E.M.; n= 3-4 mice per group. “p < 0.001 significantly compared 
with the C57 + saline group, #p < 0.05, ***p<0.001 for the sild and yonk treated groups compared with the APP/PS1 + saline group. 


groups. Other behavioral data and immunohistochemical data were 
analyzed by one way ANOVA performed with Tukey’s HSD post 
hoc comparison. Graphical presentation were performed with the 
Graph Pad Prism 6.0 (Graph Pad Software, San Diego, CA, USA). 
Statistical analysis was performed using SPSS 13.0 software for 
Windows (SPSS Inc, Chicago, IL, USA). The level of significance was 
set atap<0.05. 


3. Results 
3.1. Behavioral tests 


3.1.1. Yonk improved the nesting-building ability of APP/PS1 
transgenic mice during nest building behavior 

Nest building behavior is disrupted in some AD relevant trans- 
genic models (Wesson and Wilson, 2011), which maybe evaluate 
the “activities of daily living” disrupted in AD (Galasko et al., 2005) 
Therefore, changes of nest-building ability with yonk treatment 
were assessed (Fig. 2A). Three months after treatment with yonk, 
individual one-way ANOVA revealed the nesting score of yonk- 
treated group (F(5, 56)=3.242, p<0.05). The nest-building ability 
of APP/PS1 group was lower than that of C57 group (p<0.01), and 
treatment with yonk increased nest-building ability compared with 
APP/PS1 group (6 mg/kg: p<0.01; 18 mg/kg: p < 0.05, respectively) 
(Fig. 2B). 


3.1.2. Yonk increased the sequence of arm entries of APP/PS1 
transgenic mice in the Y-maze 

In the Y-maze test, we observed a significant group differ- 
ence in alternation or arm entries in the chronic experiment (F (5, 


69) =3.344, p<0.01). In post hoc multiple comparisons, APP/PS1 
mice displayed a decreased alternation or arm entries compared 
with C57 group (p<0.001), and treatment with yonk increased 
alternation or arm entries compared with APP/PS1 group (2 mg/kg, 
18 mg/kg: p< 0.01; 6 mg/kg: p<0.001) (Fig. 2D). 


3.1.3. Yonk improved the learning and memory of APP/PS1 
transgenic mice in the Morris water maze 

In the place navigation test, path length was analyzed with two- 
way ANOVA for repeated measures revealed significant effects of 
training (F (4, 290)= 20.131, p<0.001) and group (F (5, 58) =23.674, 
p<0.001), but no significant effect of training x group (F (20, 
290) =0.649, p > 0.05). Tukey’s HSD tests further revealed that the 
APP/PS1 mice consistently indicated a significantly longer path 
length compared with that of the C57 group (p<0.001). Yonk (6 
and 18 mg/kg) significantly decreased the path length compared 
with that of the APP/PS1 group (p<0.001 for day 3, p<0.01 for 
day 4 and 5). An increased path length was observed in yonk- 
treated mice (2 mg/kg) on the third and fifth training day (p < 0.05) 
(Fig. 3B). Escape latency was analyzed by two-way ANOVA for 
repeated measures, which revealed significant effects of training (F 
(4, 290) = 24.296, p < 0.001) and group (F (5, 58) = 16.294, p < 0.001), 
but no significant effect of training x group (F (20, 290)=0.942, 
p>0.05). Tukey’s HSD tests further revealed that the APP/PS1 group 
consistently indicated a significant longer escape latency compared 
with that of the C57 group (p<0.01 for day 1, 2 and 4 and p<0.001 
for day 3 and 5), yonk (6 and 18 mg/kg) decreased the escape 
latency of APP/PS1 mice (p< 0.001 for day 3, p<0.01 for day 4 and 
5) (Fig. 3A). 
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Fig. 6. Iba-1(A) and GFAP (B) immunohistochemical staining and Thioflavin S/Microglial double fluorescent immunohistochemistry (C) in the cortex and hippocampus of 
the control and APP/PS1 mice. The digital images from the cortex and hippocampus were captured and analyzed with Image Pro Plus (Media Cybernetics, Inc., Rockville, MD, 
USA). Scale bar: 50 wm. Data are presented the percentage of positive areas in per field (P) and expressed as the means + standard error of the mean (S.E.M.); n=3-4 mice 


per group. Quantification of the percent of Iba-1 and GFAP immunoreactive area in the brain, “p<0.05, 


“py <0.01, compared with the C57 + saline group, #p < 0.05, ##p < 0.01, 


### p < 0.001 for the sild and yonk treated groups compared with the APP/PS1 + saline group (D, E). 


In the spatial probe test, memory retention of the platform loca- 
tion was measured after the place navigation test. As shown, there 
was a Significant overall group difference in the platform cross- 
ing times (F (5, 53)=2.395, p=0.05), but not in duration in the 
hidden platform quadrant (F (5, 53)=1.551, p>0.05). Tukey’s HSD 
test further revealed that treatment with yonk (6 and 18 mg/kg) 
increased the platform crossing times compared with the APP/PS1 
group (p<0.05) (Fig. 3C, D). 


3.2. Yonk significantly reduced AB deposition in APP/PS1 
transgenic mice brain 


Immunohistochemistry was performed on brain sections to 
evaluate AB deposition, as shown in Fig. 4A. AB deposition was 
found in the brain of the APP/PS1 group to a large extent, but mice 
treated with yonk exhibited remarkably less AB burden compared 
to those in the APP/PS1 group (p < 0.001) (Fig. 4B). We detected the 
AB1-40 and AB1-42 level in APP/PS1 mice. However, no signifi- 
cant differences in yonk treated groups compared with the APP/PS1 
mice (Supplementary Fig. 2). 


Supplementry material related to this article found, in the online 
version, at http://dx.doi.org/10.1016/j.mad.2015.07.002. 


3.3. Yonk reduced the expression of APP and CTFs in APP/PS1 
transgenic mice 


APP/PS1 mouse is a well-established AD model, consisting 
of a double mutant of APPswe and deletion of PS1 on exon 9 
(APPswe/PS1dE9) (Balducci and Forloni, 2011). Previous report has 
shown that AB production and plaque deposition can be detected 
after 6 months old (Wirz et al., 2013). After APP processing, AB and 
membrane-bound C-terminal fragments (CTFs), which have been 
identified as key toxic fragments that contribute to AD pathology, 
are produced by B-secretase and ‘y-secretase complex (Chow et al., 
2009; Zhang et al., 2011d). To determine whether the decrease 
in AB load observed in the yonk and sild-treated group was due 
to its influence on AB generation from APP, western blotting was 
used to analyze the levels of FL-APP (Full-length APP) and CTFs. As 
Fig. 4C shown, the expression of APP decreased after treatment with 
yonk (p < 0.05), and the level of 8-CTF was significantly altered after 
treatment with yonk (p<0.05), the level of a-CTF was decreased 
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Fig. 7. NeuN (A) and DCX (B) differentiation in the dentate gyrus (DG) of the hippocampus after sild and yonk administration. Mice (n =4-6) were sacrificed 4 weeks after 
the last BrdU injection (50 mg/kg), at the age of 11 months. Then, double immunofluorescence with BrdU and NeuN or BrdU and DCX was performed with both groups. The 
digital images show BrdU* (green), NeuN *(red), DCX *(red), and co-labeling cells (yellow). Scale bar: 50 wm. (For interpretation of the references to colour in this figure 


legend, the reader is referred to the web version of this article.) 


after treatment with yonk (2 mg/kg) (p < 0.05) compared with the 
APP/PS1 mice (Fig. 4D). These data indicated that yonk decreased 
AB deposition by affecting APP processing and B-CTF generation. 


3.4. Yonk alleviated the loss of neurons in APP/PS1 transgenic 
mice 


Cell apoptosis contributes to a severe loss of neurons in the 
hippocampus of AD brain (Zhang et al., 201 1a). The survival of neu- 
rons was determined by staining with NeuN (Fig. 5A). The number 
of NeuN positive cells was reduced in both the cortex and hip- 
pocampus of the APP/PS1 group (p < 0.001), yonk increased the area 
of surviving neurons in the DG (p<0.05) (Fig. 5C). Yonk (6 and 
18 mg/kg) increased the number of surviving neurons in the cor- 
tex (p<0.001) (Fig. 5B). The results showed that yonk prevented 
neuronal damage and increased the number of surviving neurons 
in AD mice. 


3.5. Yonk inhibited the activation of microglia and astrocytes in 
the cortex and hippocampal region of APP/PS1 transgenic mice 


AB can activate microglia to produce cytokines and neurotox- 
ins, which trigger the pathological process of neurodegeneration 
(Coraci et al., 2002), Double immunofluorescence staining was used 
to analyze the location of AB plaques and microglia (Fig. 6C). A 
large number of activated microglia were observed around amy- 
loid plaques. Microglial activation was analyzed by measuring the 
percent of Iba-1 stained area in the cortex and hippocampal sec- 
tions of six groups. Compared to the C57 group, the activation 


of microglia presented in the APP/PS1 group was significantly 
increased (p < 0.001). Similar to sild (cortex: p < 0.01; hippocampus: 
p<0.001), yonk treatment dramatically inhibited the activation of 
microglia compared to the APP/PS1 group (2 and 18 mg/kg, p < 0.01; 
6 mg/kg, p < 0.001) (Fig. 6A and D). Meanwhile, yonk also inhibited 
astrocytes activation (Fig. 6B and E). 


3.6. Yonk promoted neurogenesis in APP/PS1 transgenic mice 


Neurogenesis regulates multiple physiological steps, includ- 
ing cell division, migration and the subsequent differentiation of 
cells into neurons (Bath et al., 2012). DCX is a reliable marker 
of newly generated neurons in the adult DG (Shetty, 2004) and 
also a microtubule-stabilizing factor expressed early in neuronal 
differentiation (Verret et al., 2007). Notably, when alterations in 
neurogenesis occur at very early stage, neuronal loss, amyloid 
deposition and inflammation subsequently emerge during AD pro- 
gression (Mu and Gage, 2011). Yonk and sild were administered 
over 3 months, which enhanced new cells differentiation assessed 
by double immunofluorescence of BrdU*/NeuN* and BrdU*/DCX*. 
The number of BrdU*/NeuN* and BrdU*/DCX* cells (yellow part) 
was significantly increased in DG region (Fig. 7A and B). In this 
study, the DCX positive cells of the DG were reduced in the APP/PS1 
group (p <0.001), yonk (6, 18 mg/kg) and sild increased the expres- 
sion of DCX compared with APP/PS1 group (p < 0.001). Surprisingly, 
yonk (2 mg/kg) also restored the number of DCX in AD transgenic 
mice (p <0.01) (Fig. 8A and B). One useful feature of BrdU is its long- 
term retention in divided cells (Kee et al., 2002a). In our research, 
the results of BrdU staining showed that proliferation cells were 
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Fig. 8. DCX immunohistochemical staining (A) and the number of surviving cells (C) in the dentate gyrus (DG) of the hippocampus after sild and yonk administration. The 
mice were sacrificed 2 h after the last injection of BrdU (50 mg/kg) at the age of 10 months to label the newly proliferating cells. The digital images were captured and analyzed 
with Image Pro Plus (Media Cybernetics, Inc, Rockville, MD, USA). Scale bar: 50 wm. (B) Quantification of the percent of DCX immunoreactive areas and BrdU positive cells 
in the brain “’ p<0.001 compared with the C57 + saline group, ##p < 0.01, ***p < 0.001 for the sild and yonk treated groups compared with the APP/PS1 + saline group (B, D). 


decreased in APP/PS1 mice, and did not differ between yonk and 
vehicle-treated APP/PS1 mice (Fig. 8C and D). Taken together, these 
data provide demonstrated that yonk prevented the death of the 
newly born neurons in APP/PS mice but did not affect cell prolifer- 
ation. 


4. Discussion 


In the present study, we report for the first time that yonk can 
prevent the cognitive impairments and AB accumulation observed 
in APP/PS1 mice.. Administration (i.p.) with yonk for 3 months sig- 
nificantly improved Y-maze spontaneous alternation performance, 
ameliorated spatial learning and memory impairments, reduced 
deficits in organized behavior and loss of initiative in nesting build- 
ing in APP/PS1 mice. Moreover, yonk decreased the AB burden 
through regulating the APP processing and blocked the abnormal 
activation of microglia and astrocytes in the brain of APP/PS1 mice. 
In addition, yonk augmented the number of new generated neu- 
rons. These results indicated that yonk ameliorated the memory 
impairment and naturalistic behaviors, possibly due to the reduc- 
tion of AB burden, the inhibitory effects of glial cells and the 
recovery of neurogenesis (Fig. 9). 

PDE-5 inhibitor can inhibit apoptosis and AB load in aged mice, 
which suggest that PDE-5 inhibitor might be beneficial to treat 
age-related detrimental features in a physiological animal model 
of aging (Puzzo et al., 2014). Orejana et al. showed that sild induced 
reduction in B-site amyloid precursor protein cleaving enzyme I 
and cathepsin B expression was associated with a decrease in hip- 


pocampal AB1-42 level in SAMP8 mice (Orejana et al., 2015). In 
similar researches about PDE-5 inhibitors, there is no report about 
the drugs reducing AB deposition in APP/PS1 mice (Cuadrado- 
Tejedor et al., 2011). In present study, we observed that yonk, a 
novel PDE5 inhibitor is able to reduce the area of AB plaques in 
transgenic mouse brains. All these evidence indicate the benefi- 
cial effects of PDE-5 inhibitors in reducing AB levels and improving 
pathology of AD. APP is cleaved by the BACE1 enzyme at the termi- 
nal region to obtain membrane-bound C-terminal fragments (CTFs) 
(Zhang et al., 2011d), which are further cleaved by y-secretase to 
generate AB that mainly consist of 40 or 42 amino acids, hereafter 
as AB4o and AB% (Zhang et al., 2011b). AB1-40 and AB1-42 are 
two main component of AB. Zhang et al. demonstrate that soluble 
AB might primarily contribute to cognitive deficits in AD (Zhang 
et al.,2011c), which suggested that soluble AB played an important 
role in AD. In pathological conditions, monomeric AB becomes mis- 
folded into dimers, which can rapidly expand to create dimer-based 
protofibrils, ultimately contributing to the formation of fibrillar AB 
as amyloid plaques. Moreover, the fact that the volume of plaques 
keeps stable rather than increase as the disease progresses, there 
is a dynamic balance between amyloid deposition and soluble AB 
(Wang et al., 2015). Secreted AB was thought to gradually increase 
in the extracellular space until it began aggregating to form insol- 
uble B-pleated amyloid plaques, which in turn could propagate AB 
toxicity to surrounding neurons and their processes (Gouras et al., 
2005). In our research, the mice of 10 months old are in the late 
stage of AD by their pathological changes, a lot of AB plaques (Wirz 
et al., 2013). The AB plaques were reduced after long-term yonk 
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Fig. 9. The cascade indicates the possible mechanism by which yonk reverses the cognitive deficits in APP/PS1 transgenic mice. Yonk influences the APP processing and 
decreases the generation of B-CTF to reduce the AB plaques. On the other hand, yonk can inhibit the activation of microglia and astrocytes; meanwhile it can increase the 


neurogenesis to prevent neuronal dysfunction. 


administration, but there were no significant changes in the solu- 
ble AB 1-40 and 1-42 level (supplemental Fig. 2). It has been found 
that B-CTF is a key fragment that contributes to the AB deposition 
(Puglielli et al., 2003). In our case, we found that the attenuation of 
AB deposition observed in the yonk-treated group was due to the 
decrease in the APP expression and B-CTF level detected by west- 
ern blotting, in accordance with the research by Puzzo et al. (Puzzo 
et al.,2014)(Fig. 4C), while it has little effect on soluble AB level yet. 
Microglia are macrophage-like cells that play an important role 
in responses to the injury and infection in the brain (Mattson, 2004). 
Bornemann et al. demonstrated that microglia associated with 
compact amyloid plaques are in an activated state (Bornemann 
et al., 2001), which is consistent with our research. The microglial- 
specific marker Iba-1 markedly increased, indicating the high 
abundance of activated microglia near amyloid plaques (Fig. 6B). 
In AD, activated microglia congregate around amyloid plaques and 
degenerating neurons (Mattson, 2004). Reactive astrocytes are also 
observed and appear to be walling off the senile plaques (McGeer 
and McGeer, 2003). It has been considered that prolonged astro- 
cytes activation has a detrimental effect on neuron survival (Mori 
et al., 2010). In the present study, the inhibitory effect of yonk on 
astrocyte is also exhibited. These results support the hypothesis 
that inhibition of glial cells abnormal activation is beneficial for the 
degradation of APP and B-CTF proteins (Handattu et al., 2009). 
PDE-5 are specific for cGMP, exhibiting the greatest affinity 
for CGMP (Km =170nM) (DAF et al., 1998), highlighting its impor- 
tance in the regulation of cGMP downstream signaling pathways 
(Garcia-Osta et al., 2012). Strengthening intracellular cGMP sig- 
naling mitigates microglial activation and is a novel strategies for 
reducing microglial activation (Paris et al., 2000a). Lines of evi- 
dence indicate that PDE-5 inhibitors exert neuroprotective effects 
through the stimulation of NO/cGMP signaling and inhibition of 
the elevation of AB1-40 and AB 1-42 protein levels in the brain 


of APP/PS1 mice (Jin et al., 2014). Interestingly, tadalafil, a specific 
PDE-5 inhibitor can cross the blood-brain barrier and influence the 
PDE-5 expression, then reverts the AD-related alterations in the 
Tau pathology (Garcia-Barroso et al., 2013). We also offered the 
evidence to confirm that yonk could cross the BBB(supplemental 
Fig. 1). Yonk, as an selective inhibitor of PDE-5, reduces neurolog- 
ical deficits, infarction and Nogo-R expression mainly through the 
cGMP/PKA pathway in stroke (Chen et al., 2014a). The potential 
benefits of PDE5 inhibitors in AD may be in relation to regulate 
the cGMP levels of brain. Our previous results have shown that 
sild decreased inflammatory cytokines expression accompanied 
by microglial activation (Zhao et al., 2011). There are some stud- 
ies have shown that sild plays important roles in CNS diseases 
through the increase in cGMP levels (Jin et al., 2014; Prickaerts etal., 
2002; Rutten et al., 2005). In our preliminary study, we found that 
yonk exerted protective against microglial-mediated neuron injury 
through the ERK1/2/NF-kB pathway to elevate cGMP levels (Zhao 
et al., 2015). 

Amyloid plaques cause an overall reduction in the number of 
adult-generated hippocampal neurons (Verret et al., 2007), which 
may contribute to the cognitive decline observed in APP/PS1 mice. 
It is reported that sild may also potentially inhibit microglial acti- 
vation (Paris et al., 2000a) and exert it’s in vitro anti-inflammatory 
effect in LPS-activated microglial cells (Zhao et al., 2011). Overac- 
tive state of microglia can lead to neuronal death (Combs et al., 
2001). In our previous studies, Chen et al. demonstrated that yonk 
and sild reduce neurological deficits after brain injury and increase 
the number of surviving neurons in both the cortex and striatum 
via a cGMP-dependent Nogo-R pathway (Chen et al., 2014a,c). The 
present data has shown that treatment with yonk inhibits the acti- 
vation of microglia and astrocytes, while increasing the number of 
neurons in brain of APP/PS1 transgenic mice, which may be respon- 
sible for the improvement in cognitive performance and reduction 
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of AB burden. However, the mechanism of action of yonk on AD 
needs to be studied in more depth. 

Pathological changes in several diseases of the CNS including 
AD, Parkinson’s disease (PD), stroke and others involve the loss 
of neural cells (Chuang, 2010). Stimulation of neurogenesis might 
provide a way to remedy neurons lost due to AD (Frank et al., 
2006). Sild can inhibit PDE-5 expression, increase the cGMP level 
(Andric et al., 2010; Rutten et al., 2005), and enhance neurogenesis, 
which is associated with an increase in phosphorylated Akt. Addi- 
tionally, inhibition of the PI3K/Akt pathway abolishes sild-induced 
neurogenesis (Wang et al., 2005b). In vitro, sild enhances nestin 
induced neurogenesis and oligodendrogenesis after stroke (Zhang 
et al., 2012). These data suggest that the PI3K/Akt signaling path- 
way plays an important role in regulating adult neurogenesis. Our 
previous studies had shown that yonk as an analogue of sild, could 
increase the expression of PI3K and p-Akt after stroke (Chen et al., 
2014b). In present research, most newly proliferated cells differen- 
tiated into neurons in the DG and cortex after treatment with yonk. 
We speculated that yonk would enhance neurogenesis after AD 
through this way, but the conclusion need to be further confirmed. 
Together, these results suggest that yonk rescued neurogenesis and 
increased the number of neurons, maintained the cognitive activity 
of mice after AD onset. 

In summary, this study clearly demonstrates that long-term 
treatment with yonk improves learning and memory in APP/PS1 
transgenic mice. The data shows that Yonk exerts the neuropro- 
tective effects through decreasing APP processing, inhibiting the 
activation of glial cells and restoring neurogenesis to improve cog- 
nitive deficits in AD model. In this research, we find that sild can also 
ameliorate amyloid burden. These results support the assumption 
that the PDE-5 inhibitor has the potential to be a novel therapeutic 
tool against CNS diseases. 
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